Abstract. We theoretically investigate the thermal boundary conductance across metal-nonmetal interfaces in the presence of the electron-phonon coupling not only in metal but also at interface. The thermal energy can be transferred from metal to nonmetal via three channels: (1) the phonon-phonon coupling at interface; (2) the electron-phonon coupling at interface; and (3) the electron-phonon coupling within metal and then subsequently the phonon-phonon coupling at interface. We find that these three channels can be described by an equivalent series-parallel thermal resistor network, based on which we derive out the analytic expression of the thermal boundary conductance. We then exemplify different contributions from each channel to the thermal boundary conductance in three typical interfaces: Pb-diamond, Ti-diamond, and TiN-MgO. Our results reveal that the competition among above channels determines the thermal boundary conductance.
Introduction
The thermal boundary conductance (TBC), which is the capability of heat conduction across an interface between two dissimilar materials, plays an important role in the design of electronics devices [1, 2] . The investigation on the TBC across metal-nonmetal interfaces, which is the total heat current Q divided by the temperature drop at the interface shown in Figure 1a , is one of the most important topics for thermal engineering. Experimentally, the TBC across metal-nonmetal interfaces is measured with the thermo-reflectance technique [3] [4] [5] [6] [7] and the steady state technique [8] . One of the concerns to researchers is that some experimentally measured values significantly deviate from the theoretical calculated ones [9, 10] where only phonons are considered.
The methods for the TBC calculations that only consider phonon transport include the acoustic mismatch model (AMM), the diffuse mismatch model (DMM) [11] , and the lattice dynamical method (LDM) [12] . Some of the calculated results from these methods overestimate a e-mail: zhoujunzhou@tongji.edu.cn b e-mail: xonics@tongji.edu.cn the TBC while some calculated results underestimate the TBC. Because the phonons are the major heat carriers in semiconductors and insulators while the electrons are the major heat carriers in metals [13] , the contributions from both electrons and phonons to the TBC across metalnonmetal interfaces must be considered by introducing three channels of heat conductions. The heat conduction via the phonon-phonon (PP) coupling between phonons in metal and phonons in nonmetal is noted as Channel (1) . The heat conduction via the electron-phonon (EP) coupling between electrons in metal and phonons in nonmetal is noted as Channel (2) . The heat conduction via the EP coupling within metal followed by a subsequent PP coupling at interface is noted as Channel (3) . Figure 1b shows the schematic diagram of these three channels: the red arrows represent Channel (1) with heat current Q 1 ; the yellow arrows represent Channel (2) with heat current Q 2 ; and the blue arrows represent channel (3) with heat current Q 3 . The thermal transport processes in Figure 1b can be described by a thermal resistor network as shown in Figure 1c which includes the interfacial PP resistance R pp , the interfacial EP resistance R ep , the volumetric electronic thermal resistance δx/κ e m , the volumetric lattice The contribution from Channel (2) to the TBC has been studied individually by many researchers. Theoretically, Reich [14] and Zhang et al. [15] studied the TBC due to the EP coupling at interface in one dimensional chain model. Hopkins and Norris [16] investigated the contributions from electron-interface scatterings to the TBC using the relaxation time approximation. Huberman and Overhauser [17] calculated the TBC across Pb-diamond interface due to the EP coupling by considering the joint vibrational modes near the interface. The TBC they calculated is in agreement with the value measured by references [9, 10] . Sergeev [18] treated the EP coupling at interface in analogous to the inelastic electron-impurity scattering and found that the TBC is proportional to the inverse of EP energy relaxation time. Mahan [19] calculated the TBC by considering the EP coupling at interface due to image potential generated by ion charges. Ren and Zhu [20] found an asymmetric and negative differential TBC by considering nanoscale metal-nonmetal interfaces. From experimental approach, Hopkins et al. [21] measured the EP coupling constant in gold films. The substrate dependency and film thickness dependency of the EP coupling constant were observed, which proves the importance of the EP coupling at interface.
The contribution from Channel (3) to the TBC has also been studied separately, by excluding other two channels, from both theoretical and experimental approaches. Majumdar and Reddy [22] found that the PP interfacial resistance and the volumetric EP resistance in metal are in series. The TBC across TiN-MgO interface they calculated is in agreement with the experimental data measured by Costescu et al. [7] . Taking a step forward, Singh et al. [23] studied the TBC through detailed consideration of the EP coupling constant from the Bloch-BoltzmannPerierls formula. Battayal et al. [8] measured and calculated the TBC across Al-diamond interface. Their results show that the volumetric EP resistance and the interfacial PP resistance are in the same order of magnitude. Ordonez-Miranda et al. [24] studied the thermal conductivity across metal-metal interfaces in the presence of EP coupling. Moreover, the effect of EP coupling on the thermal conductivity of metal-nonmetal particulate composites has also been studied [25, 26] . The molecular dynamics method has also been used to study the TBC across metal-nonmetal interfaces [27, 28] .
However, there are not many works that consider three channels simultaneously and compare the contributions from different channels. Li et al. [29] measured the thermal conduction in periodic Mo-Si multilayers using 3ω method. They adopted all three channels to interpret the measured results. Basu et al. [13] measured the thermal conductivity in metal-semiconductor nanocomposites. A reduction of thermal conductivity is interpreted as the enhanced PP scattering at interfaces between nanoparticles and the presence of the EP coupling both inside metallic nanocrystals and at interfaces [30] . In references [13, 29] , all three channels are taken into account to explain their experimental results. Nevertheless, there are very few general theoretical models to calculate the TBC when all channels are considered.
In this paper, we use the two-temperature model (TTM) of heat conduction to calculate the TBC by considering all three channels mentioned above simultaneously [31] . It is shown that the TBC of metal-nonmetal systems can be interpreted as a series-parallel thermal resistor network. Our results could be useful for interpreting the role of the EP coupling both in metal and at interface on the TBC. We further explain why some measured TBC is lower than the calculated value while some measured TBC is higher than the calculated one. The paper is organized as follows: Section 2 presents the model of TBC using TTM by considering all three channels. In Section 3, we apply our model to three typical metal-nonmetal interfaces: Pb-diamond, Ti-diamond, and TiN-MgO to exemplify the reason of the difference between the theoretical calculations and the experimental measurements. Section 4 concludes the paper.
Model
We consider the heat conduction along the x-direction as shown in Figure 1a . We do the analytical calculation by using the TTM [32] , of which predictions had been validated by the experimentally measured nonequilibrium transport of electrons and phonons using short-pulsed laser excitations [33, 34] . It has been proved that the TTM is mathematically equivalent to the dual-phase-lagging model [35, 36] . In the TTM, the electron (phonon) subsystem in metal is characterized by the electron (phonon) temperature T e m (T p m ) and the temperature in nonmetal is T n . The energy transfer rate between the electron subsystem and the phonon subsystem in metal is proportional to their temperature difference, G(T e m − T p m ) [37, 38] . Using the Fourier's law, the energy balance equations for steady state in the absence of energy source can be written as [32, 39] :
Here k n is the lattice thermal conductivity of the nonmetal. It is obvious that T 
Both T e m (x) and T p m (x) asymptotically approach the extrapolation of the linear temperature profile T ex (x) = βx + ξ as shown in Figure 1a . From equations (2a) and (2b), we find that the electron temperature and the phonon temperature in the interfacial area hardly equilibrate with each other even in the steady state because the presence of the interface. Such phenomenon is often referred as local thermal non-equilibrium [40] . The coefficients can be obtained by solving equation (2) with the boundary conditions at interface
Here equations (3a) and (3b) mean that the heat fluxes carried by electrons and phonons in metal are transferred to the phonons in nonmetal at interface, respectively. The transfer rates are proportional to T Moreover, equation (3c) describes the continuity of total heat flux at interface. Using these three boundary conditions, three coefficients in equation (2) can then be obtained as:
Here, α and δ are still undetermined. If two additional boundary conditions, such as the asymptotic temperature in metal and the temperature in nonmetal far away from the interface, are given, α and δ can then be solved. However, we find that the calculation of TBC only requires the coefficients in equation (4) . Therefore, we do not solve α and δ in this paper. Using the coefficients in equation (4), we calculate the TBC by the following definition
The heat flux Q = −εκ n and the temperature drop between the extrapolation of the asymptotic temperature in metal T ex (−l) and the temperature in nonmetal
, which uses the temperature drop between T ex (0) and T n (0) [22] . In the physical sense of heat conduction, the area within −l < x < 0 should be an important part of the interface since the nonequilibrium between electrons and phonons strongly affects the transport properties within this area. Usually, the width l is less that 5 nm in real cases so that the interface area only has the width of several atoms. The differences between the electron, phonon and asymptotic temperatures at
)/e. We have compared these two temperature differences to the total temperature drop −βl + ξ − δ across typical metal-nonmetal interfaces. The calculation shows that α(Gl
)/e −βl + ξ − δ is always satisfied. Therefore, it is a good approximation to neglect the temperature differences mentioned above. Then the overall TBC can be calculated by substituting the expressions of ξ − δ and ε in equations (4b) and (4c) into equation (5):
We further substitute the expression of β in equation (4a) into equation (6), where α can be canceled in the denominator and the numerator. Finally we get the expression of TBC as:
By noting R (7), respectively, a very simple analytical expression of TBC can be obtained:
Equation (8) (2) and (3); and then these two series resistances are connected in parallel. Therefore, the complicated thermal transport network in Figure 1c can be treated as an equivalent series-parallel thermal resistor network in Figure 1d .
In the limit case of κ 
It means that R pp and (Gκ p m ) −1/2 are firstly in series and then in parallel with R ep . The second term on the right side of equation (8) recovers Majumdar and Reddy's results in reference [22] . From equation (9) , it is easy to find that 
Results and discussions
In the following, we exemplify the contributions of R ep , R e m , and R p m to the TBC in three typical metal-nonmetal interfaces we mentioned above: Pb-diamond, Ti-diamond, and TiN-MgO. We quote the value of R pp in these interfaces from references [9, 22] because it is not our major objective to calculate R pp in this paper.
Pb-diamond interface
We first studied the TBC across Pb-diamond interface. The measured TBC σ exp K at temperature 273 K is 0.031 GW/(m 2 K) [9] and the calculated 1/R pp = 0.002 GW/(m 2 K) using the DMM is taken from reference [9] . In our calculation, we choose the EP coupling constant in Pb to be G = 1.24 × 10 17 W/(m 3 K) [41] . The electronic thermal conductivity is estimated as κ 
Ti-diamond
For Ti-diamond interface, the measured TBC σ exp K at temperature 293 K is 0.1 GW/(m 2 K) [9] and the calculated 1/R pp = 0.065 GW/(m 2 K) using the LDM is taken from [9] . The EP coupling constant in Ti is G = 1.3 × 10 18 W/(m 3 K) [43] . The electronic thermal conductivity is estimated as κ that is calculated from LDM [9] . Then the corresponding 1/R ep should be about 0.036 GW/(m 2 K) which means R ep ≈ 27 [GW/(m 2 K)] −1 . We thus conclude that σ K ∼ 1/R ep + 1/R pp since R ep and R pp are on the same order and both of them are much larger than R e m and R p m . Therefore, for Ti-diamond interface, the renormalized electronic and lattice thermal resistances can be ignored.
The interfacial EP resistance and the interfacial PP resistance are connected in parallel with equal importance, in other words, both Channels (1) and (2) need to be considered as shown in the inset of Figure 2b. 
TiN-MgO
For TiN-MgO interface, the measured TBC σ exp K at temperature 293 K is 0.72 GW/(m 2 K) [7] and the calculated 1/R pp = 1.03 GW/(m 2 K) using the DMM is taken from reference [22] . The EP coupling constant in TiN is estimated as G = 2.6 × 10
18 W/(m 3 K), which is much larger than the estimated value in reference [22] . Here we used the expression G = 3 γλ ω 2 /(πk B ) [38] , where is the Planck constant, k B is the Boltzmann constant, γ = 211 J/(m 3 K 2 ) [45] is the electronic specific heat constant, λ = 0.59 is EP coupling parameter [46] and ω 2 is the mean square frequency of phonons with ω 2 1/2 = 30 meV [47] . The total thermal conductivity in TiN is about 28.84 W/(m K) [48] . The electronic thermal conductivity in TiN can hardly be estimated since the Wiedemann-Franz law is not valid in this material. Therefore, we study cases with three different
